We study the Fe-catalyzed chemical vapor deposition of carbon nanotubes by complementary in-situ grazing-incidence X-ray diffraction, in-situ X-ray reflectivity and environmental transmission electron microscopy. We find that typical oxide supported Fe catalyst films form widely varying mixtures of bcc and fcc phased Fe nanoparticles upon reduction, which we ascribe to variations in minor commonly present carbon contamination levels. Depending on the as-formed phase composition, different growth modes occur upon hydrocarbon exposure: For γ-rich Fe nanoparticle distributions, metallic Fe is the active catalyst phase, implying that carbide formation is not a prerequisite for nanotube growth. For α-rich catalyst mixtures, Fe3C formation more readily occurs and constitutes part of the nanotube growth process. We propose that this behavior can be rationalized in terms of kinetically accessible pathways, which we discuss in the context of the bulk iron-carbon phase diagram with the inclusion of phase equilibrium lines for metastable Fe3C. Our results indicate that kinetic effects dominate the complex phase evolution during realistic CNT growth recipes.
Introduction
The unique electronic, thermal and mechanical properties of carbon nanotubes (CNTs) closely relate to the nanotube structure. In order to unlock the full application potential of CNTs, not only scalability but also structural selectivity is required for their growth. The most promising CNT growth technique is catalytic chemical vapor deposition (CVD), for which considerable progress has been made in terms of bulk production and developing processes for direct CNT device integration. [1] [2] [3] This progress, however, is largely based on empirical process optimization and there remains a lack of fundamental understanding of the growth mechanisms. This critically manifests itself as lack in structural selectivity, i.e. to date selective growth of CNTs of specific chiralities remains elusive. [4] [5] [6] As CNT CVD essentially relies on the self-organization of carbon on catalyst nanoparticle templates, a crucial question to be answered is what level of structural control is fundamentally achievable? This requires a much more detailed understanding of the role of the catalyst during reaction conditions, which is a common challenge throughout the field of heterogeneous catalysis. 7 Here we study the phase of Fe catalyst nanoparticles during realistic CNT CVD via complementary in-situ grazing-incidence X-ray diffraction (XRD), in-situ X-ray reflectivity (XRR) and environmental transmission electron microscopy (ETEM). Fe is the archetypal catalyst material, in particular in combination with Al2O3 support for high yield CNT forest CVD. 3, 8 A large variety of growth mechanisms have been suggested for Fe catalyzed CNT growth. Unlike to Ni and Co, a range of different (meta)stable crystalline carbide phases have been reported for Fe upon exposure to carbonaceous precursors at elevated temperatures, [9] [10] [11] [12] [13] 32, 33 but the actual nature of active Fe phases during CNT CVD and their relevance remains largely unclear. Recent ETEM 9, 10 and in-situ XRD 11, 12, 13 experiments identified cementite (θ-Fe3C) as the active phase during CNT growth. Our data here shows that this represents only a sub-set of more complex catalyst kinetics for Fe. From repeated insitu runs we find that typical oxide supported Fe thin film catalysts form mixtures of bcc (α-Fe, ferrite) and fcc (γ-Fe, austenite) phased nanoparticles upon reduction where exact phase mixtures vary between runs. We ascribe this to minor variations in adventitious carbon contamination of the catalyst films prior to hydrocarbon exposure. Depending on this phase composition, different growth modes occur: For γ-rich catalyst mixtures, we find metallic Fe is the active catalyst phase for CNT growth, i.e. no conversion to a carbide phase is required for CNT growth (for definition of "carbide" see footnote 34) . This is in contrast to α-rich catalyst mixtures, for which Fe3C formation is dominant and constitutes part of the CNT 3 growth process. We propose that this behavior can be rationalized in terms of kinetically accessible pathways, in particular for growth temperatures close to the Fe-C/Fe-Fe3C eutectoid temperature. Our study highlights that the widespread assumption of a global single active catalyst phase is not justified. Rather kinetic effects dictate the complex phase evolution during realistic CNT growth recipes.
Experimental Section
The in-situ diffraction experiments were performed at the BM20 beamline (Rossendorf beamline) of the European Synchrotron Radiation Facility (ESRF) in a cold-wall reactor chamber (base pressure 10 -5 mbar) mounted onto a high-precision 6-circle goniometer. [35] [36] [37] The chamber is equipped with a hemispherical Be-dome to allow transmission of the X-rays in different scattering geometries. We use a resistive heater (Boralectric) for sample heating and in-built and sample surface-clamped thermocouples to monitor and regulate temperature.
High purity process gases (Ar, H2, C2H2) are introduced via separate mass flow controllers.
The energy of the X-rays is selected by a Si(1 1 1) double crystal monochromator. We use a monochromatic X-ray beam of 11.5 keV with a corresponding wavelength of 1.078 Å. The diffracted X-rays are measured with a scintillation detector. A horizontally aligned Soller slit system is used for grazing incidence (GI) XRD experiments with an incident angle of αi=0.5° and a slit system for XRR measurements, respectively.
As standard substrate, we use Si(1 0 0) wafers covered with 200 nm of thermal SiO2. One set of samples is further covered with a sputter deposited 10 nm thick Al2O3 layer. Onto both SiO2 and Al2O3 supports a 8 nm thick Fe film is thermally evaporated. The relatively thick catalyst layer is required to obtain acceptable XRD counting rates. We note that for such thick Fe films we do not observe any significant differences between the SiO2 and Al2O3 supports in the XRR/XRD results or regarding the CNT yield.
Samples are processed according to the CVD steps summarized in Figure 1 . After characterization of the as deposited catalyst film at room temperature (I), the sample is annealed in an Ar:H2 (30:10 sccm) atmosphere at ~150 mbar at 750°C (II). For CNT growth, we add C2H2 (1 sccm) to the Ar:H2 gas flow (III). After CNT CVD, the chamber is pumped out and the sample is left to cool in vacuum (IV). The samples are characterized by in-situ 
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. 38 Rietveld refinement (X'Pert Plus) was employed for all XRD scans after removal of the broad background features from the amorphous support via comparison to bare supports.
Due to the limited signal-to-noise quality of our XRD data, a conservative refinement strategy was employed where only the following parameters were refined: 1. scale factors for all phases, 2. flat background with 1 coefficient, 3. zero shift, 4. lattice parameters, 5. 
Results
We adopt a simple one-step annealing process as the model CVD recipe and keep a consistent nomenclature for the process steps as outlined in Figure Figure 6b shows that the initial diameter of the carbon cap is smaller than that of the catalyst particle, similar to Ni catalyzed CNT nucleation.
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The cap diameter then increases to roughly match the Fe particle's diameter, which itself restructures heavily during the process.
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Discussion
The combination of our XRD and ETEM data confirms that the catalyst bulk is crystalline during nanotube growth under our CVD conditions. The XRD data in Figures 2 and 3 shows that the formation of a crystalline carbide nanoparticle phase is not a prerequisite for nanotube growth. The XRD data in Figure 4 however suggests that carbide nanoparticles can also act as CNT catalysts (also implied by the ETEM and previous literature [9] [10] [11] [12] [13] ). The question that arises from this data is why we observe varying phase mixtures for nominally similar CVD conditions during our repeated in-situ XRD experiments.
First, we suggest that the surprising appearance of non-equilibrium γ-Fe in the nominally pure Fe catalyst prior to the carbon precursor exposure (stage II) at temperatures below 912C (see Fe-C phase diagram in Figure 7 ; compared to our in-situ XRD CVD at 750ºC) can be explained by the unavoidable presence of residual carbon contamination from catalyst preparation, air transfer, and/or the CVD reactor (confirmed on as-prepared catalyst films by X-ray photoelectron spectroscopy). This adventitious carbon can dissolve into the Fe during annealing (stage II). This shifts the system to the right of pure Fe in the phase diagram in Second, the observed phase behavior upon growth (stage III) can then be rationalized via the bulk Fe-C phase diagram with the inclusion of phase equilibrium lines for metastable Fe3C (Figure 7) . 42, 43 It is crucial to note that our in-situ XRD CVD temperature of 750ºC is very close to the eutectoid temperatures for Fe-C (740ºC) and Fe-Fe3C (727ºC). In this transition region the formation of a new phase is strongly dependent upon nucleation barriers. This is due to the statistical nature of nucleation, whereby the nucleation rate I is determined by the magnitude of the nucleation barrier ΔG * (Eqn. 1)
where kB is Boltzmann's constant and T is the temperature. 44 The catalyst evolution during CVD around this temperature will therefore be much more influenced by nucleation kinetics than by thermodynamics.
We relate this argument to our observations using the two limiting isothermal process pathways that are schematically indicated in Figure The growing CNT provides a sink for excess carbon and keeps the γ-Fe catalyst close to a4, effectively preventing the nucleation of a carbide catalyst which would occur to the right of a5. This is consistent with our experimental observation that for initial high γ-Fe containing mixtures we observe nanotube growth without the formation of Fe-carbide.
In contrast, for pathway B, the compositional difference Δχb between the α-Fe/C and α-Fe/Fe3C coexistence lines is much smaller (~0.01 atom-%). Thus, Fe3C nucleation is much easier to achieve (crossing b2) for a given carbon supersaturation. After nucleating a carbide close to b2, CNT growth from a carbide catalyst would occur. This is consistent with the observation that for α-Fe-rich mixtures we observe carbide formation concurrent to nanotube growth.
Close to the eutectoid temperature, the observation of metal and carbide catalyzed CNT CVD indicates that in this region the nucleation rates of γ-Fe (Iγ) and the carbide (Ic) are of the same order of magnitude and kinetic effects dominate over the equilibrium phase diagram in this region (indicated by the shaded horizontal region in Figure 7 ). Only at temperatures far above and far below the eutectoid temperature would we expect CNT growth to be dominated by mostly metallic (Iγ >> Ic) and carbide (Iγ << Ic) catalysts, respectively (see also footnote 45). This is also generally consistent with our ETEM data at 650 ºC and with previous ETEM reports at 600-650ºC. 9, 10 We note that effects of particle size, [46] [47] [48] [49] catalyst support 8, 22 and further residual and process gases (e.g. N, O, H2O etc. 3, 20 ) may also be of importance but are not needed to account for the major findings here (see also footnote 50). Instead, we identified the two key processes that lead to the observed statistical variation between repeated in-situ runs: 1.
Varying residual carbon contamination between runs leads to varying α-Fe/γ-Fe mixtures upon annealing (stage II) and 2. these mixtures then further evolve upon isothermal carbon uptake in a kinetic manner governed by the statistics of phase nucleation. Our results thus indicate that subtle influences (such as minor residual carbon), which are always present in realistic CNT growth recipes, can dramatically affect the kinetic pathways that the catalyst evolution in nanoscale systems follows.
Conclusions
In summary, our in-situ data shows that oxide supported Fe nanoparticle distributions show a varying γ/α phase mixture upon annealing, which we attribute to the practically unavoidable residual carbon contamination present in standard CVD reactors and airtransferred samples. These phase mixtures then further evolve upon isothermal carbon exposure in a kinetic manner governed by the statistics of phase nucleation. For γ-rich Fe nanoparticle distributions, we find metallic Fe as the main active catalyst phase for CNT growth, implying that carbide formation is not a prerequisite for nanotube growth. This is unlike α-rich Fe nanoparticle distributions, for which Fe3C formation is dominant and constitutes part of the CNT growth process. Our results indicate that kinetic effects dominate the catalyst phase evolution for common CNT CVD. This is similar to our recent findings on catalytic nanowire CVD, 51, 52 suggesting that non-equilibrium catalyst phases are of general importance for such crystal growth on the nano-scale. Figures 3 and 4) . This amorphous background is getting more intense at high temperature (and thus cut in some scans). We also note that throughout our XRD plots the peak positions from the observed phases slightly shift between room temperature and 750ºC due to thermal expansion, which was not corrected for in the plots. (b) Typical SEM image of the grown CNTs from this catalyst evolution. 
